pathways of electron transfer, differing from CoQ, also occur, e.g. alternative ubiquinol oxidases from bacteria and plant and fungi mitochondria [Lenaz and Genova, 2010] .
The traditional description considers the 4 complexes originally described by Green and Tzagoloff [1966] to be the structural core of the respiratory chain. Subsequently, other accessory enzymes feeding electrons to the chain have been added. Nevertheless, a substantial difference exists between 3 of the original complexes (C I , C III , and C IV ) and Complex II, since the latter shares some important properties with the accessory enzymes, i.e. they give electrons to CoQ without creation of a transmembrane proton gradient; in other words they are required for oxidative phosphorylation (OXPHOS) but do not participate directly in energy conservation. Moreover, contrary to the 'core' complexes, the accessory enzymes do not have subunits encoded by mitochondrial DNA. Furthermore, their supramolecular organization is probably different, since the 3 'core' complexes are associated together in a supramolecular assembly, whereas the remaining accessory enzymes appear to be free in a random organization.
The systematic resolution and reconstitution of the 4 respiratory complexes from mitochondria were accomplished by Hatefi et al. [1962a] , leading Green and Tzagoloff [1966] to postulate that the overall respiratory activity is the result of both intra-complex electron transfer in solid state between redox components having fixed steric relation and inter-complex electron transfer ensured by rapid diffusion of the mobile components acting as co-substrates, i.e. CoQ and cytochrome c. This proposal was substantially confirmed over the following years, leading to the postulation by Hackenbrock et al. [1986] of the random collision model (RCM) of electron transfer. The organization of the respiratory chain has represented a major research subject in the 1970-80s, culminating with the acceptation of the RCM by the majority of scientists in the field.
Evidence in favor of the RCM derived from 3 major kinds of observations: (a) The integral proteins of the inner membrane are randomly distributed in the bilayer, and phospholipid dilution of the mitochondrial membrane proteins slows down electron transfer [Schneider et al., 1982] . (b) Electron transfer in the CoQ and cytochrome c region obeys pool behavior according to the equation developed for CoQ by Kröger and Klingenberg [1973] . (c) Electron transfer follows saturation kinetics with respect to CoQ and cytochrome c concentrations [MacLennan et al., 1966; Estornell et al., 1992] .
On the other hand, circumstantial evidence against a random distribution of respiratory complexes came from early investigations reporting isolation of Complex I-III [Hatefi et al., 1962b] and Complex II-III units [Yu et al., 1974] , indicating that such units may be preferentially associated in the native membrane. The view of preferential associations between complexes was never abandoned, but only a minority of scientists was favoring such a possibility [Lenaz and Genova, 2010] .
Much more recently, new evidence of multi-complex units in yeast and mammalian mitochondria has been obtained introducing blue native polyacrylamide gel electrophoresis (BN-PAGE) [Schägger and Pfeiffer, 2000] . In mitochondria of bovine heart, Complex I-III interactions were apparent from the presence of supercomplexes also comprising either Complex III alone or both Complexes III and IV at different copy numbers (respirasomes), and only 14-16% of total Complex I was found in free form in the presence of digitonin [Schägger and Pfeiffer, 2001] ; so it seems likely that all Complex I is bound to Complex III in physiological conditions in the absence of detergents. On the other hand, knowing the accurate stoichiometry of oxidative phosphorylation complexes, it is plausible that approximately 30% of total Complex III in bovine mitochondria is not bound to monomeric Complex I. The fraction of Complex IV in free form represents >85% of total cytochrome oxidase of mitochondria. Since these initial studies, respiratory supercomplexes have been identified in mitochondria from many different species [Wittig and Schägger, 2008; Lenaz and Genova, 2012] .
Associations of Complex II with other complexes of the OXPHOS system could not be identified in most of the studies. However, monomeric to trimeric forms of Complex II [Sousa et al., 2011] and potential incorporation in superstructures [Acín-Peréz et al., 2008; Kulawiak et al., 2013] have been reported, representing, in any case, a minor proportion of the overall mitochondrial Complex II. In addition, no evidence for supercomplex association has been found for other ancillary enzymes feeding electrons to CoQ; thus the supercomplex organization appears to be a prerogative of the energy-conserving respiratory complexes. However, it has been suggested that a multifunctional fatty acid β-oxidation complex is formed within mitochondria that is physically associated with OXPHOS supercomplexes and promotes metabolic channeling of electrons directly from fatty acid β-oxidation to the respiratory chain [Wang et al., 2010] .
Molecular Structure of Supercomplexes
Partial elucidation of the interaction of the individual respiratory complexes within the supercomplex was achieved by single-particle electron microscopy. Dudkina et al. [2005] first presented the 2D electron projection maps of a plant supercomplex consisting of Complex I and dimeric Complex III (III 2 ). Class averages in single-particle processing showed characteristic Fshaped side views of the particle volume and roughly triangular top views.
Shortly later, Schäfer et al. [2006 Schäfer et al. [ , 2007 provided initial insights into the shape and size of 2 respiratory chain supercomplexes (I 1 III 2 and I 1 III 2 IV 1 ) isolated from mitochondria of bovine heart, and they also generated 3D maps by random conical tilt electron microscopy analysis of the negatively stained multicomplex assemblies. The dimensions of the supercomplex in the membrane plane are 28 by 24 nm. On the basis of the structural information gained by the 3D maps, they could propose a model of the spatial organization and mutual arrangement of all partner enzymes, showing extensive interaction of Complex III with the membrane arm of Complex I, while Complex IV, when present, interacts with the distal portion of the same arm. Furthermore, on the same basis, the ubiquinone and cytochrome c binding sites of each complex in the supercomplex I 1 III 2 IV 1 appeared to be in proximity to the binding site of the succeeding complex in the respiratory chain, thus supporting the idea that direct substrate channeling occurs in the supercomplex with short diffusion distances for the mobile electron carriers.
Recently, new 3D maps at nanoscale resolution allowed interpretation of the architecture of mammalian respirasomes at the level of the secondary structure. Interestingly, in the new model by Dudkina et al. [2011] , the single Complexes I, III 2 , and IV appear to be at some distance, suggesting that there is little close contact. In particular, the section through the model on the level of the membrane demonstrates gaps between Complexes III 2 and IV within the membrane, whereas the same 2 complexes appear to contact each other in their matrix portions close to the membrane. Althoff et al. [2011] also proposed that only few points of direct contact are allowed between the 3 complexes in the mammalian supercomplex I 1 III 2 IV 1 , because average distances exceed 2 nm. Moreover, at 19-Å resolution the membrane-embedded part of the supercomplex shows intermediate values of density between that of soluble protein and the hydrophobic membrane interior, suggesting that the supercomplex is held together at least partly by lipid-protein interactions. Likely, a gap filled with membrane lipid would also facilitate the diffusion of ubiquinol between Complex I and Complex III, and it is interesting to note that the CoQ-binding sites in Althoff's model ( fig. 1 ) are conveniently placed for the efficient electron transfer over a short distance of about 13 nm between Complex I and the proximal Complex III monomer. It is proposed that the proximal monomer may be more effective in ubiquinol oxidation, while the distal one may be needed to transfer the electrons to cytochrome c via its flexible Rieske domain in accordance with the halfof-the-sites reactivity model of Complex III [Castellani et al., 2010] . Furthermore, a trajectory of 10 nm is envisaged in the respirasome along which cytochrome c may travel to shuttle electrons towards Complex IV ( fig. 1 ) .
It has to be kept in mind that, besides the lack of a crystal structure of the mammalian Complex I, several uncertainties are still present in the interpretation of the 3D maps: for example, in the maps there are additional density areas that cannot be filled by the current structural models of Complexes III and IV, suggesting that additional proteins may participate in the supercomplexes. This is the case of SCAFI, a recently reported protein required for the super-assembly of Complexes III and IV that is not present in the free complexes [Lapuente-Brun et al., 2013] or the reassignment of NDUF4A as a structural subunit of Complex IV which is not present in the X-ray structure [Balsa et al., 2012] .
Stability of Supercomplexes: Role of Phospholipids
All purified preparations of mitochondrial electron transfer enzymes are isolated as lipoprotein complexes, the extent of associated lipid depending upon the particular method used for isolation and the phospholipid composition reflecting that for the mitochondrial inner membrane. Predominant phospholipids include cardiolipin, phosphatidylcholine, phosphatidylethanolamine, and lesser amounts of neutral lipids and phosphatidylinositol. A dispersive solubilization effect and a catalytic effect, which can be specifically fulfilled only by cardiolipin, are 2 of the distinguished roles for such membrane lipids. In addition, they can participate in the molecular linkage between the respiratory complexes and, particularly in the case of Complex I and Complex III, can provide a sufficiently lipophilic environment for the interaction of the lipophilic electron carrier ubiquinone [Lenaz and Genova, 2007] .
The forces responsible for supercomplex association appear to strongly depend on the lipid content and composition and likely the shape of the inner mitochondrial membrane [Lenaz and Genova, 2007] . In particular, previous studies from our laboratory have shown that reconstitution of a binary I/III mitochondrial protein fraction at a high lipid to protein ratio (>10: 1) prevents formation of the I-III supercomplex as shown by BN-PAGE and kinetic studies [Genova et al., 2008] . In other words, it appears that dilution of the proteins with an excess of phospholipids may weaken the forces holding together the respiratory complexes.
Among lipids, cardiolipin and phosphatidylethanolamine are crucial for mitochondrial functions; both are non-bilayer-forming phospholipids due to their small polar heads compared with the bulky non-polar tails [van den Brink-van der Laan et al., 2004; Osman et al., 2011] .
Cardiolipin, the signature phospholipid of mitochondria, is a lipid dimer that is required for a diverse range of mitochondrial activities beyond the process of ATP production. Thus, derangements in cardiolipin metabolism lead to pathological conditions. Cardiolipin is synthesized in mitochondria; after its biosynthesis, the acyl chain composition of cardiolipin is modified by 3 distinct remodeling enzymes that produce the tissue-specific mature form of cardiolipin. Mutations of these enzymes produce modified molecules that have been linked to mitochondrial dysfunction [Claypool and Koehler, 2012] .
The phospholipids in closest vicinity to the protein surface, as well as those in the free bilayer, are highly mo- bile and free to exchange, but cardiolipin is tightly bound, being more likely buried within the protein complexes [Kang et al., 1979; Lange et al., 2001; Sedlák and Robinson, 1999] . The absolute requirement of cardiolipin for the activity of cytochrome oxidase, Complex I, and Complex III suggests that this phospholipid plays a crucial role in the coupled electron transfer process Green, 1980, 1981] .
There are now extensive indications that cardiolipin stabilizes respiratory supercomplexes as well as the individual complexes. Evidence for this function has been largely collected in yeast mutants.
In a yeast mutant lacking cardiolipin, the III 2 IV 2 supercomplex was significantly less stable than supercomplexes in the parental strain. Other phospholipids that are increased in the mutant, including phosphatidylethanolamine and phosphatidylglycerol, could not substitute for cardiolipin and could not prevent dissociation of supercomplexes [Zhang et al., 2002; Pfeiffer, 2003] . The putative direct protein-protein interaction of cytochrome oxidase and Complex III in yeast is proposed to involve also one molecule of cardiolipin and one of phosphatidylethanolamine tightly bound in a cavity of the membrane-imbedded domain of Complex III [Lange et al., 2001 ], suggesting that the 2 phospholipids can provide a flexible linkage between the interacting subunits of Complexes III and IV, as well as with the ADP/ATP carrier that is also known to exist in physical association with the III-IV supercomplex [Claypool et al., 2008] . Site-directed mutagenesis investigations on specific cardiolipin interaction for supercomplex formation in the cytochrome bc 1 complex [Wenz et al., 2009] indicated that cardiolipin stabilizes supercomplex formation by neutralizing the charges of lysine residues in the interaction domain of Complex III with cytochrome oxidase.
In addition, the stability and assembly of Complex IV were found to be reduced in yeast cells lacking Taz1 [Brandner et al., 2005] , the orthologous of human Tafazzin, an acyl transferase involved in the synthesis of mature tetralinoleyl cardiolipin [Neuwald, 1997] . Mutations of Tafazzin (approved symbol: TAZ ) in humans result in Barth syndrome, a cardio-skeletal myopathy with neutropenia, characterized by respiratory chain dysfunction. Significantly, McKenzie et al. [2006] found that the cardiolipin defect in Barth syndrome results in destabilization of the supercomplexes by weakening the interactions between the respiratory complexes.
It is well documented that exposure of mitochondria to reactive oxygen species (ROS) can affect the respiratory activity via oxidative damage of cardiolipin which is required for the optimal functioning of the enzyme complexes [Paradies et al., 2000 [Paradies et al., , 2002 [Paradies et al., , 2010 Petrosillo et al., 2003] . Genova et al. [2008] demonstrated by flux control analysis that the maintenance of a I-III supercomplex after reconstitution of a protein fraction enriched with Complex I and III (R 4 B) into phospholipid vesicles at high protein to lipid ratios (see above) is abolished if lipid peroxidation is induced by 2,2′-azobis-(2-amidinopropane) dihydrochloride (AAPH) before reconstitution. Evidently, the distortion of the lipid bilayer induced by peroxidation and the alteration of the tightly bound phospholipids determine dissociation of the supercomplex originally present in the lipid-poor preparation.
In contrast with cardiolipin depletion that destabilizes supercomplexes, a recent study reported that phosphatidylethanolamine depletion tends to favor the formation of larger supercomplexes between Complex III and IV in mitochondria of Saccharomyces cerevisiae [Böttinger et al., 2012] . The reason why cardiolipin and phosphatidylethanolamine, both non-bilayer-forming phospholipids, behave in an opposite way on supercomplex stability has been ascribed to their different charge, the former being an anionic phospholipid and the latter zwitterionic [Böt-tinger et al., 2012] .
Coexistence of Fluid Structure and Supercomplexes: The Plasticity Model
The organization of the mitochondrial respiratory chain as supercomplexes has been sustained on structural evidence at first, the co-migration of respiratory complexes either in BN-PAGE or in sucrose gradients and by electron microscopy structural analysis upon purification. Despite that, 2 fundamental assumptions have been established to propose a radical change in our understanding of the structural organization of the mitochondrial electron transport chain. First, the RCM has to be discarded in favor of a model in which respiratory complexes are organized in respirasomes (containing Complex I, III, and IV; solid model). Second, all the other structures observed in the purification protocols should be considered breaking pieces of the original respirasome. None of these methodologies, however, have been able to provide experimental support to sustain these critical assumptions. Very relevant, they have been unable to determine if the supercomplexes containing Complexes I, III, and IV (the so-called respirasome) were able to respire. Without solving this, even if accepted as real entities, supercomplexes could have roles different from these of respiration (i.e. storage of yet inactive respiratory complexes, structural organizers of the inner membrane, etc.). It was demonstrated that purified respirasomes were able to respire in a Clark's electrode [Acín-Peréz et al., 2008] , and it was established that other types of associations than I+III or III+IV were also formed, regardless of the presence of the third partner of the respirasome, strongly suggesting that they can also be present in vivo [Acín-Peréz et al., 2008] . Therefore, we reasoned that the variety of associations between respiratory complexes was larger than the respirasome and that the free complexes likely co-exist with supercomplexes. In this context we proposed an integrated model, the plasticity model, for the organization of the mitochondrial electron transport chain. The previous opposed models, solid versus fluid, would be 2 extremely allowed and functional situations of a dynamic range of molecular associations between respiratory complexes [Acín-Peréz et al., 2008] . The stoichiometry of the complexes and the variable stability of different free versus associated structures under different physiological conditions would allow a landscape of structural options ( fig. 2 ).
The proportion of the different ratios between complexes and supercomplexes is cell type specific and responds to physiological stimuli (see below). A typical fibroblast in the usual culture conditions (21% oxygen, high glucose) would favor: (a) 3 major flavors for Complex IV, free ( ∼ 80%), associated with Complexes I and III in respirasomes ( ∼ 15%) or associated only with Complex III ( ∼ 5%); (b) 4 major flavors for Complex III, free, Complex I+III or interacting with Complex IV in the form of III+IV or I+III+IV; (c) 2 major flavors for Complex I (I+III or I+III+IV). Free Complex I was virtually absent, because it is rapidly degraded in the absence of Complex III [Acín-Peréz et al., 2004] or Complex IV [Diaz et al., 2005; Vempati et al., 2008] .
Several in vitro studies support the idea that electron transfer in the respiratory chain can occur in the absence of supercomplexes. A fundamental prediction of the plasticity model is that in vivo the mitochondrial respiratory chain should be able to work when the formation of supercomplexes is prevented. Recently, a protein factor (SCAFI) has been described that is required to allow the integration of Complex IV into supercomplexes, either I+III or I+III+IV. Mice missing functional alternative oxidases (AOX) were also lacking supercomplexes containing Complex IV and therefore the respirasome. These animals contain supercomplexes I+III and are, however, healthy and fertile [Lapuente-Brun et al., 2013] . A more extreme situation can be achieved by the selective elimination of an individual respiratory complex and substituting it with an alternative electron acceptor/donor. This Some observations in the literature indirectly support the view that the supercomplex organization may not be fixed but be in equilibrium with randomly dispersed complexes in living cells under physiological conditions. Besides phospholipid composition that may change by genetic or dietary reasons but involves a relatively long time-scale, some biochemical parameters at a shorter time-scale have been suggested to affect the supramolecular structure of the respiratory complexes. These are the mitochondrial membrane potential and the phosphorylation state of the protein subunits of the complexes.
Nevertheless, a recent study [Muster et al., 2010] suggests that supercomplex dissociation, at least in a random fashion, may not be a fast event. By fusing cells containing mitochondria with respiratory complexes labeled with different fluorescent proteins and resolving their timedependent re-localization in living cells, the authors found that a complete reshuffling of respiratory complexes throughout the entire chondriome in single HeLa cells occurs within 2-3 h by organelle fusion and fission. Moreover, polykaryons of fused cells completely re-mixed their complexes in 10-24 h in a progressive way. Nevertheless, the distribution of respiratory complexes and ATP synthase in fused hybrid mitochondria is not homogeneous but patterned: in co-expressing cells, Complex II is more homogeneously distributed than Complexes I and V, arguing for its higher mobility and less integration in supercomplexes. Being these experiments the very first attempt to follow the temporal dynamic of respiratory complexes in situ , they are still very limited because the cristae and individual complexes or supercomplexes could not be discriminated by fluorescent microscopy. In addition, in order to minimize the interference in function or structure, subunits of less pronounced functional importance and peripheral to the complex structure were chosen for labeling [Muster et al., 2010] , and it could not be addressed how much of the labeled protein was in fact assembled into the final complexes and how much remained in sub-assembles. This is especially relevant, because in some cases (i.e. the labeled 30-kDa Complex I protein), the sub-assembles could be either part of membrane-associated or matrix-associated subcomplexes [Dieteren et al., 2008] , the diffusion properties of which would be very different.
Membrane Potential
The study of the influence of the mitochondrial transmembrane potential (Δμ H+ ) on the flux control exerted by cytochrome c oxidase on the respiratory activity in intact cells and isolated mitochondria indicated that, under conditions mimicking the mitochondrial state 4 respiration, the control strength of the oxidase is decreased in respect to endogenous state 3 respiration . More recently, the extension of these studies to the other proton-translocating respiratory complexes (I and III) reveals that under conditions of low potential the sum of the flux control coefficients exceeded 1, whereas at high potential the coefficients were much lower [Quarato et al., 2011] . Although the interpretation of the results in such a complex system is very difficult, the authors suggested that such a change in control strength might be featured in terms of an equilibrium between different organizational structures of the enzymatic complexes constituting the mitochondrial OXPHOS. In particular, the results were compatible with a random organization of cytochrome oxidase with respect to other complexes at high membrane potential (state 4) and with a respirasome organization at lower membrane potential (state 3); since the respiratory rate was high in state 3 conditions, the supercomplex organization would produce an extra advantage by raising the rate by channeling. We extended the study in actively phosphorylating human hepatoma HepG2 cells under conditions in which the electrical (ΔΨ) and chemical (ΔpH) components of Δμ H+ were selectively modulated by addition of ionophores. We concluded that ΔΨ is predominantly responsible for the tight control exerted by cytochrome c oxidase over endogenous respiration, whereas ΔpH seems irrelevant in this respect [Dalmonte et al., 2009] . Although the molecular mechanisms leading to the assembly/disassembly of the supercomplexes have not been defined yet, it is not inconceivable that, given the membrane-integrated nature of the single complexes, electrostatic/hydrophobic interac-tions may enter into play in response to Δμ H+ . In this respect, recent investigations have revealed a surprising interplay between pH gradients, lipid composition and packing, and membrane cristae shape [Khalifat et al., 2008 [Khalifat et al., , 2011 .
In potato tuber mitochondria, it was found that hypoxia dissociates the supercomplex I-III 2 -IV into individual Complex I plus Complex III-IV units [Ramirez-Aguilar et al., 2011] ; it was shown that the change was due to the acidification of the medium in hypoxia and that acidification could reproduce the same effect; moreover, the effect was not due to changes in the membrane potential.
Posttranslational Changes
It has been established that some of the mitochondrial complexes are subjected to reversible phosphorylation and dephosphorylation [Acín-Peréz et al., 2011a, b; Gong et al., 2012] . Mitochondria contain protein kinases and phosphatases, and both serine/threonine phosphorylation [Deng et al., 2011; Grimsrud et al., 2012] and tyrosine phosphorylation [Deng et al., 2011; Hébert Chatelain, 2013] of mitochondrial proteins are important in regulation of activity of these organelles.
Phosphorylation of Complex I has been shown to modify the activity of the enzyme and its ROS-generating capacity [Raha et al., 2002; Maj et al., 2004; Bellomo et al., 2006; Iuso et al., 2006; Papa et al., 2008] . Cyclic AMPdependent phosphorylation of the 18-kDa subunit of Complex I, encoded by the nuclear NDUFS4 gene, is required for import of the subunit. Modulation of subunit phosphorylation by intramitochondrial protein kinase A and phosphoprotein phosphatase contributes to the stability of Complex I and stimulation of its activity . It is tempting to speculate that the increase of activity of Complex I and the decrease of ROS generation by phosphorylation may be, in part, the result of an enhanced stability of the I-III supercomplex; however, no studies to date have established any correlation between them. Phosphorylation of structural subunits of Complex III has also been reported, although its functional role remains undetermined [Zhao et al., 2011] . Lee et al. [2005] examined the cAMP-dependent phosphorylation of mitochondrial Complex IV isolated from fresh bovine liver and heart in the presence of theophylline, a phosphodiesterase inhibitor that induces high cellular cAMP levels. Under the conditions applied, they were able to demonstrate that phosphorylation of Tyr-304 in subunit I (COX-I) leads to a strong decrease of V max in the isolated enzyme while increasing the K m for cytochrome c, so the residual oxidase activity is <20% at substrate concentrations in the range of the physiological values, compared with saturating substrate concentration. The same effect on cytochrome oxidase kinetics was observed in a cell culture system after treatments that would increase protein phosphorylation (e.g. elevation of cAMP levels by glucagon addition or by forskolin activation of adenylyl cyclase). Complex IV is a target of the intramitochondrial cAMP-PKA signaling pathway [Acín-Peréz et al., 2009a] . Complex IV activity increases with the rise in mitochondrial matrix cAMP by cell-permeant cAMP analogs or by activating the soluble matrix adenylyl cyclase. The inhibition of PKA both in cell culture and in isolated mitochondria resulted in a decreased Complex IV activity [Acín-Peréz et al., 2009a] . Mitochondrial PKA-dependent phosphorylation of Complex IV was down-regulated in both cell culture and animal models of cytochrome c oxidase (COX) deficiency. This promoted a ROS-dependent increase in mitochondrial biogenesis as a compensatory mechanism [Acín-Peréz et al., 2009b] . The expression of mitochondrial-targeted soluble adenylyl cyclase, which increases mitochondrial matrix cAMP, restored mitochondrial function and normalized ROS production and mitochondrial biogenesis in COX-deficient cells. This study represents the first example of a direct positive modulation of COX with clear implications for plausible therapeutic treatments of mitochondrial dysfunction [Acín-Peréz et al., 2009b] . Phosphorylation in Complex IV subunits was reported by mass spectrometry analysis [Helling et al., 2008] . The amino acid residue S58 in COXIV-1 (same as S34 published by Helling et al. [2008] , the difference in the number being whether the signaling peptide is included or not) was described to be involved in the metabolic regulation of Complex IV [Acín-Peréz et al., 2011a] . A S58 COXIV-1 phosphorylation was proposed to have a dual function by promoting COXIV-1 phosphorylation coupled to prevention of COX allosteric inhibition by ATP. This mechanism would allow the cells to rapidly adapt to changes in substrate use and substrate storage [Acín-Peréz et al., 2011a] .
Stable phosphorylation sites in Complex IV are also detectable at tyrosine, serine, and threonine in subunit II and III, as well as at specific amino acid residues in subunits IV, Vab, VIabc, VIIabc, and VIII [Helling et al., 2008] whose function could be to change the binding affinity of Complex IV to specific proteins (i.e. binding of EGFR-pY845 to subunit II, viral protein HBx to subunit III, PKCe to subunit IV, NO synthase to subunit Va, subunit RIa of PKA to subunit Vb, and androgen receptor to subunit Vb).
It is tempting to speculate that endocrine alterations may affect the assembly of Complex IV by hyper-or hypophosphorylation of some subunits in the complex. Indeed, cAMP-and PKA-dependent phosphorylation of Complex IV in heart mitochondria [Rosca et al., 2011] was found to be higher in free Complex IV than in the enzyme associated in a supercomplex, suggesting that phosphorylation prevents supercomplex association. Nevertheless, caution must be exerted when interpreting the role of posttranslational changes in supercomplex formation, since no causal correlation has yet been established.
The Coenzyme Q Pool
The notion of the CoQ pool as the mechanism for integrated electron transfer from dehydrogenases to cytochromes, described by the hyperbolic relationship between the observed rate of electron transfer of the entire respiratory chain and the rate of either reduction or oxidation of CoQ [Kröger and Klingenberg, 1973] , has been widely accepted and is covered in all biochemistry textbooks.
Here, 2 separate points are discussed regarding this purpose. First, is the discovery of supercomplexes compatible with the existence of a pool of free CoQ molecules in the inner membrane? And second, if such pool exists, does it have a specific function in electron transfer?
There is no doubt that a mobile pool of CoQ coexists with protein-bound CoQ. Is this pool just a reservoir of an excess of CoQ molecules without a specific function, or is the pool necessary for functioning of the respiratory chain and/or for additional functions?
The extent to which CoQ is bound to mitochondrial proteins is an important parameter in relation to its function. If we consider bound CoQ in a 1: 1 stoichiometry with the complexes interacting with the quinone (C I , C II , C III ) in mitochondria of bovine heart, we come up to about 0.5 nmol/mg protein that would increase to ca. 0.8 nmol, assuming more than 1 site to be fully occupied in Complex I and Complex III. Since the total CoQ content is >3 nmol/mg [Lenaz, 2001] , we must assume that most CoQ (>75%) is free in the bilayer. A direct study of the amount of CoQ bound to mitochondrial proteins in 5 different mammalian species showed that the protein-bound aliquot ranges between 10-32% of total CoQ [Lass and Sohal, 1999] .
The CoQ pool is required for electron transfer from Complex II to Complex III; indeed Complex II kinetically follows pool behavior in mitochondria after extraction and reconstitution [Kröger and Klingenberg, 1973] with CoQ [Stoner, 1984] in accordance with the lack of supercomplexes found by both BN-PAGE and flux control analysis (see previous section). Furthermore, other enzymes such as glycerol-3-phosphate dehydrogenase, ETF dehydrogenase, dihydroorotate dehydrogenase, choline dehydrogenase, SQR, and proline dehydrogenase, which are present in lower amounts and are likely to be rate-limiting in an integrated electron transfer, are probably inserted in the respiratory chain by interaction through the CoQ pool [Genova and Lenaz, 2011] . A study addressed to this problem demonstrated that in mitochondria of brown fat the inhibition curve of glycerol phosphate-cytochrome c reductase is sigmoidal in the presence of myxothiazol and antimycin, suggesting the presence of a homogeneous CoQ pool between glycerol phosphate dehydrogenase (mtGPDH) and Complex III [Rauchová et al., 1997] . More recently, it has been shown that the delivery of electrons from mtGPDH to Complex III in mitochondria of human neutrophils takes place in the absence of supercomplex organization and of NADlinked respiration [van Raam et al., 2008] ; this is in line with the notion that mtGPDH operates in mitochondria through the CoQ pool. Preliminary studies by BN-PAGE show that mtGPDH does not appear to be linked to any of the respiratory complexes [Genova ML, Rauchová M, Rauchová H, unpubl . data] but associates in homooligomers as well as in supercomplexes that, however, do not contain either Complexes I, III, or IV [Mracek et al., 2014] .
Since most authors agree that Complex II is mostly not physically interacting with Complex III in supercomplexes, also reverse electron transfer from succinate to NAD + , involving sequential interaction of Complexes II and I by means of CoQ, must take place by collisional interactions in the CoQ pool. The hyperbolic relation experimentally found by Gutman [1985] between the rate of reverse electron transfer and succinate oxidase is in complete accordance with the pool equation.
This observation poses a puzzling question [Lenaz and Genova, 2007] : if all or most Complex I units are associated with Complex III and the interaction of CoQ in the pool with the quinone-binding site in common between the 2 enzymes is necessarily slow, then how can QH 2 reduced by Complex II interact from the pool with the CoQ site in Complex I at a rate compatible with the steady state kinetics of reverse electron transfer? The intriguing idea that Complex I may possess 2 different quinone-binding sites for direct and for reverse electron transfer, respec-tively, is compatible with the proposal that 2 different routes may exist for forward and reverse electron transfer within Complex I [Grivennikova et al., 2003] . These 2 sites might become alternatively accessible depending on the magnitude of the membrane potential. It must be noted that the ATP-driven reverse electron transfer from succinate to NAD + occurs in the presence of a high mitochondrial transmembrane proton motive force that, according to Piccoli et al. [2006] , might be the physiological signal and at the same time the trigger causing the structural reorganization of the enzymatic complexes of the mitochondrial OXPHOS system. The model hypothesis depicted by Piccoli et al. [2006] from data on cytochrome oxidase was extended to other enzymes of the respiratory chain [Quarato et al., 2011] , suggesting that also the I-III supercomplex would dissociate its constituting complexes under high Δμ H + condition, and this would no longer limit the access to the CoQ binding site in Complex I during reverse electron transfer.
The notion that probably all of Complex I is bound in a supercomplex would seem to exclude a function for the CoQ pool in electron transfer from NADH. This is not the case, as shown in the discussion in other sections of this review.
Evidence for Separate Pools of CoQ
As it was mentioned above, CoQ (ubiquinone) is required for the transfer of electrons from NADH-or FADdependent enzymes to the respiratory Complex III within the inner mitochondrial membrane. Reduction/oxidation of CoQ is critical for energy production, redox balance, pyrimidine synthesis, amino acid and lipid metabolism, and indirectly for apoptosis control and calcium handling. For more than 40 years, it has generally been accepted that CoQ exerted its role by freely diffusing through the membrane and behaving as a homogenous pool available to any enzyme that required it, according to the RCM proposed to explain the organization of the mitochondrial electron transport chain [Lenaz and Genova, 2007] . The issue of CoQ compartmentalization is more than an academic controversy and has profound implications for our understanding of central physiological responses, as the adaptation of liver mitochondria to changing metabolic conditions, oxygen availability feed/ starvation periods, etc.
Some reports studying the reduction of CoQ in isolated mitochondria determined that succinate and NADH could reduce a limited and specific fraction of the total CoQ pool [Jørgensen et al., 1985; Lass, 1998 ]. Moreover, an estimated 15-30% appeared to be bound to proteins (although the nature of the proteins was not determined), while the rest seemed to be free in the membrane [Lass and Sohal, 1999] . More recently, Rossignol and co-workers clearly demonstrated that the CoQ content in the mitochondrial inner membrane is not homogenous [Benard et al., 2008] . When they measured the levels of reduced CoQ and cytochrome c in state 3 isolated mitochondria, they found one CoQ fraction that was utilized during steady-state respiration, another fraction that acted as a reserve to maintain normal energy fluxes in case of perturbation (e.g. as a consequence of respiratory complex inhibition or mitochondrial disease), and a third fraction that is unable to participate in succinate-dependent respiration. This succinate non-utilizable pool was estimated to account for 79% of the total CoQ in muscle mitochondria and 21% in liver mitochondria. Although similar assays analyzing NADH dependent respiration have not been performed, these results are not compatible with a single CoQ pool.
Several reports have confirmed that respiratory supercomplexes contain also CoQ and that it is able to transfer electrons from Complex I to Complex III [Acín-Peréz et al., 2008; Althoff et al., 2011] . Recently, it was demonstrated that the physical assembly between Complexes I and III determines a preferential pathway for electrons mediated by a dedicated subset of CoQ molecules (we name them CoQ NADH ). This compartmentalization prevents significant cross talk between NADH oxidation (Complex I dependent) and FAD oxidation (CoQ FAD pool) from any non-Complex I-dependent oxidation (if we assume that no further compartmentalization of the CoQ pool occurs), at least until the electrons reach cytochrome c. In that way, the CoQ pool behavior will fully apply to all enzymes that deliver electrons to the CoQ FAD (succinate dehydrogenase, glycerol-3-phosphate dehydrogenase, ETF-ubiquinone oxidoreductase, dihydroorotate dehydrogenase, choline dehydrogenase, SQR, and proline dehydrogenase). The segmentation of CoQ into the NADH-and the FAD-dedicated fractions has an unexpected consequence. Those Complex III molecules that physically interact with Complex I in the formation of supercomplexes are also dedicated to CoQ NADH oxidization (CIII NADH ), while those Complex III molecules that are free of interaction with Complex I are mainly responsible for CoQ FAD oxidization. Complex I has a very high affinity for Complex III, to the extent that this association is preferred to the Complex I free state when the CI:CIII stoichiometry decreases abnormally due to the partial loss of Complex III. In this situation, CoQ NADH oxidization is preferentially maintained despite the risk of compromising the oxidation of CoQ FAD [Lapuente-Brun et al., 2013] . Therefore, the supercomplex organization of the mitochondrial electron transport chain has deeper functional consequences than expected. Adaptation to mitochondrial respiratory substrates that generate different proportions of NADH and FAD (as when mitochondria rely on fatty acids rather than glucose during fasting) requires adjustments to the capacity for electron transport via the NADH and FAD routes. Regulated modifications of the proportion of respiratory supercomplexes allow this adaptation [Lapuente-Brun et al., 2013] , but how this change is produced and what would happen if this adaptation was impeded remain to be investigated. At present, no known molecular mechanism can be invoked to explain the exquisite regulation of the balance between NADH Complex III (Complex III dedicated to Complex I) and FAD Complex III. Further understanding of this behavior is of paramount importance.
Biogenesis and Assembly of Supercomplexes
A very relevant question derived from the plasticity model proposal is how the respiratory supercomplexes are generated and how this is related with the assembly of complexes themselves. This question was addressed by pulse-chase experiments, labeling the 13 mtDNA-encoded proteins and analyzing their time course incorporation into respiratory complexes and supercomplexes by BNGE/SDS-PAGE 2D electrophoresis [Acín-Peréz et al., 2008] . After 1 h of pulse-and short-chase periods for 0.5 and 2 h, we could observe that most of the proteins were still in the process of being assembled in respiratory complexes and that they were progressing to higher-molecular-weight associations with time. This is the case for Complexes I, III, and IV. Thus, most of the signal corresponding to the mtDNA encoded Complex IV subunits (COI, COII, and COIII) had not reached the mature Complex IV until 12 h of chase. The same observation was true for the mtDNA-encoded subunits of Complex I and for the Complex III subunit cyt b. Complex V subunits behave differently, since all the radioactive signal for A6 and A8 was already incorporated in the mature Complex V even at very short chase periods. This is probably due to the fact that they incorporate at the end of the assembly process [Tzagoloff et al., 2004] and that this complex has a faster turnover. The labeling of large supercomplexes showed a different pattern depending on if they contained Complex IV or not. Thus, supercomplexes I/ III appear labeled as soon as after 0.5 h of chase. On the contrary, no labeling of supercomplexes I/III/IV was observed at 0.5 and 2 h of chase despite the fact that fully assembled Complex IV could be already observed. The labeling of the supercomplexes did not reach the characteristic pattern until 12 h of chase. These results support the idea that supercomplexes are structures formed by the specific and ordered association of individual complexes [Acín-Peréz et al., 2008] . A recent report proposed a different path for supercomplex formation [Moreno Lastres et al., 2012] . They used a different, although similar, experimental approach and depleted cells of OXPHOS complexes by treatment with doxycycline which reversibly inhibits mitochondrial translation. Then, upon drug removal, they followed complex and supercomplex assembly by BN-PAGE and immunodetection of individual proteins as markers of the overall complexes or subcomplexes. They also assumed that every co-migration in a gel is due to physical interaction between the co-migrating entities. This analysis led them to propose that the biogenesis of the respirasome involves the coordinated and sequential association of specific combinations of partially assembled respiratory complexes and free subunits. In other words, that Complex I is not fully assembled (it lacks at least the NADH dehydrogenase module) but is starting to recruit Complex III and Complex IV subunits until a final step where supercomplex III+IV and partially assembled Complex I is made. At this step the NADH dehydrogenase module of Complex I is added [Moreno Lastres et al., 2012] . This model, if right, has major implications because it concludes that Complex I cannot be fully assembled in the absence of Complex III and/ or IV. So, the respirasome assembly is intimately linked to the Complex I assembly. The model could be invoked to explain the lack of Complex I in the absence of Complex III [Acín-Peréz et al., 2004] , IV [Diaz et al., 2005] , or cytochrome b [Vempati et al., 2008] . However, it cannot explain the normal assembly, stability, and functionality of Complex I in cells lacking Complex IV [Balsa et al., 2012] and Complex III [Diaz et al., 2012a] in different culture conditions. It cannot explain either the stability or function of Complex I in fungi that lack Complex III and IV but naturally respire by AOX [Maas et al., 2009] . In addition, it cannot explain the existence of mice lacking respirasomes because they lost SCAFI [Lapuente-Brun et al., 2013] .
On the contrary, the existence of protein factors that regulate the assembly of the different respiratory complexes into respirasomes is fully compatible with the se- quential formation of first complexes and then supercomplexes [Acín-Peréz et al., 2008] . Three independent reports recently described 2 related S. cerevisiae proteins (renamed by the 3 groups as RCF1 and RCF2) that might be important for the assembly between Complexes III and IV [Chen et al., 2011; Strogolova et al., 2012; Vukotic et al., 2012] . However, in contrast with SCAFI, ablation of RCF1 and RCF2 impairs overall respiration and growth quality in non-fermentable substrates. This could be interpreted as support for the solid model and therefore evidence against the fluid and the plasticity models. However, these proteins are required for assembly of the COX3 subunit into mature Complex IV, and when ablated, Complex IV assembly is impaired [Chen et al., 2011; Strogolova et al., 2012; Vukotic et al., 2012] . Two mammalian orthologs, HIG1A and HIG2A, have been identified for RCF1. HIG1A depletion has no influence on respiratory complexes or supercomplexes [Chen et al., 2011] and has been linked to the regulation of the mitochondrial γ-secretase [Hayashi et al., 2012] . HIG2A depletion induces a very moderate reduction in CI+III+IV supercomplexes but reduces Complex IV to the same extent as happens in yeast [Chen et al., 2011] . These proteins can therefore be understood as factors required for Complex IV function rather than specific supercomplex assembly factors. In contrast, SCAFI modulates the interaction between Complex III and IV without affecting their assembly or stability and is thus a true supercomplex assembly factor [Lapuente-Brun et al., 2013] .
Function of the Supercomplexes
Four major roles have been attributed to the supercomplex organization of the mETC: (a) increased efficiency of electron flux, through substrate channeling or enhanced catalysis, (b) sequestration of reactive intermediates to prevent generation of ROS, (c) structural stabilization of individual respiratory complexes, and (d) structures in which Complex I is assembled and activated.
Next, we will discuss the experimental support obtained to confirm or discard the attributed roles.
Kinetic Advantage: Channeling
The primary proposed functional consequence of supercomplex assemblies in the respiratory chain was substrate channeling or enhanced catalysis in inter-complex electron transfer. Substrate channeling is the direct transfer of an intermediate between the active sites of 2 enzymes catalyzing consecutive reactions [Ovádi, 1991] ; in the case of electron transfer this means direct transfer of electrons between 2 consecutive enzymes by successive reduction and re-oxidation of the intermediate without its diffusion in the bulk medium. In such a case, intercomplex electron transfer becomes indistinguishable from intra-complex electron transfer so that the so-called mobile intermediates, predicted to exhibit substrate-like behavior in the classic view of the RCM, would rather be buried in the interface between the 2 consecutive complexes.
Kinetic analysis allowed distinguishing the channeling from the random diffusional encounters: the problem for electron transfer in the respiratory chain was tackled for the first time by the pioneering work of Kröger and Klingenberg [1973] ; subsequently flux control analysis was exploited by us with the precise aim of demonstrating channeling. In enzymatic supercomplexes, where the interactions between active sites are fixed and substrates and intermediates are channeled from one defined site to another without leaving the protein environment, the metabolic pathway would behave as a single enzyme unit, and inhibition of any of the enzyme components would elicit the same (total) flux control. In particular, in a system, in which the respiratory chain is totally dissociated from other components of the OXPHOS apparatus (i.e. ATP synthase, membrane potential, and carriers), such as open non-phosphorylating submitochondrial particles, the existence of a supercomplex would elicit a flux control coefficient near unity at any of the respiratory complexes, and the sum of all apparent coefficients would be >1 [Kholodenko and Westerhoff, 1993] . The flux control coefficients of the respiratory complexes (I, II, III, IV) were investigated using mitochondria of bovine heart and submitochondrial particles devoid of substrate permeability barriers and performing titrations with specific inhibitors of each complex [Bianchi et al., 2004] . Both Complexes I and III were found to be highly rate-controlling over NADH oxidation, a strong kinetic evidence suggesting the existence of functionally relevant association between the 2 complexes. On the contrary, Complex IV appears to be randomly distributed, although it is possible that if any stable interaction with Complex IV exists in mammalian mitochondria, it escaped detection most likely due to a pronounced abundance of molecules in a non-assembled form. Moreover, Complex II is fully rate-limiting for succinate oxidation, clearly indicating the absence of substrate channeling towards Complexes III and IV.
More recent studies by flux control analysis in intact and permeabilized cells also showed that the sum of apparent flux control coefficients of the 3 proton-motive 131 respiratory complexes (I, III, and IV) exceeded 1, supporting the real existence of supercomplexes in vivo [Quarato et al., 2011; Kaambre et al., 2012] . In particular, Quarato et al. [2011] showed that the control coefficients were high under conditions of low membrane potential (state 3 or uncoupling) but much lower at membrane potential exceeding 180 mV (state 4), suggesting that the supercomplexes may be in a dynamic equilibrium with the isolated complexes depending on the energetic state of the membrane, thus supporting a previous observation from the same laboratory . The existence of a dynamic equilibrium of the respiratory complexes from an isolated form to supercomplex association supports the plasticity model [Acín-Peréz et al., 2008] .
A direct demonstration of kinetic advantage in the CoQ region was demonstrated [Bianchi et al., 2003 ] by the striking rate increase of experimentally determined NADH-cytochrome c reductase activity over the values calculated by the pool equation of Kröger and Klingenberg [1973] in Complex I-III proteoliposomes reconstituted at lipid:protein ratios <10: 1. Moreover when the same proteoliposomes at 1: 1 lipid:protein ratios were treated with dodecyl-maltoside to destroy the supercomplex organization, the NADH-cytochrome c reductase activity fell dramatically, whereas both Complex I and Complex III individual activities were unchanged [Maranzana et al., 2013] ; the same behavior was detected by treating bovine mitochondria with the detergent. Additional evidence for channeling between Complexes I and III derives from the demonstration that selective reduction of Complex III under a certain threshold induces a preferential deficiency in the transfer of electrons between Complexes II and III, while the transfer of electrons between Complex I and III remains unaltered [Lapuente-Brun et al., 2013] .
While channeling in the I-CoQ-III 2 supercomplex is ascertained, the role of cytochrome c in electron transfer between Complex III and IV is uncertain. Although the large amount of free Complex IV may have masked the electron channeling from III to IV in the supercomplex in the flux control experiments, the large majority of electron transfer must anyway escape direct transfer in the supercomplex. Since the flux control data established lack of control of Complex IV in electron transfer from NADH that is totally channeled to supercomplex-bound Complex III, this means that Complex III delivers electrons to Complex IV via a random cytochrome c pool and not via a fixed pathway within the I-III 2 -IV supercomplex. The lack of function of cytochrome c trapped in supercomplexes has been recently stressed by time-resolved analysis of oxidation of cytochrome c by its oxidase in intact yeast cells [Trouillard et al., 2011] that was proposed to be a random unrestricted process indicating the absence of functional microdomains. However, it is very difficult to extrapolate Trouillard et al's proposal to mammalian mitochondria for several reasons. First, the mETC of S. cerevisiae is very different from that of mammals because it lacks Complex I, and the analysis therefore relates only to assemblies containing Complexes III and IV. Second, the authors do not present a parallel analysis of the status of interaction between respiratory complexes. For their analysis, they poisoned the mETC with inhibitors of Complex III or with carbon monoxide (a Complex IV poison) and performed experiments in low oxygen, even exposing cells to the absence of oxygen. Unfortunately, they did not address the consequences of this rather strong manipulation on the structure and function of the mETC. Furthermore, they used several genetically modified strains for which they did not experimentally confirm the assumed structure of the mETC under their growth conditions. Moreover, these interpretations enter in frank contradiction with other studies in S. cerevisiae that propose that the mETC is a single functional unit [Boumans et al., 1998 ].
On the contrary, we demonstrated that the respiration capacity of mouse mitochondria is substantially modified by the organization of the respiratory complexes in dynamic superstructures [Lapuente-Brun et al., 2013] . In particular, we showed that when Complex IV is maintained permanently detached from supercomplexes by elimination of SCAFI, the maximum respiration activity of intact cells under glucose-rich medium parallels the maximum respiration activity obtained in the same cells by feeding directly electrons to Complex IV. On the contrary, if Complex IV is allowed to participate in supercomplexes, a significant proportion of Complex IV activity is no longer utilized by glucose driving respiration [Lapuente-Brun et al., 2013] . Moreover, we demonstrated in isolated liver mitochondria that the assembling of Complex IV in supercomplexes defines 3 types of Complex IV, one dedicated exclusively to receive electrons from NADH oxidation (forming supercomplex I+III+ IV), another dedicated to receive electrons from FADdependent enzymes (forming supercomplex III+IV), and a major third one that, being free Complex IV, is able to receive electrons from both NADH and FAD oxidization [Lapuente-Brun et al., 2013] . We also showed that an optimization in the simultaneous use of different carbon substrates (more physiological), the oxidization of which generates variable proportions of NADH versus FADH 2 , is achieved by modulation of the proportion of complexes and supercomplexes.
A different question concerns the physiological existence of electron transfer from Complex I to Complex III via the CoQ pool in addition or alternative to channeling in the supercomplex.
Complex I and Complex III, when mixed as concentrated solutions in detergent and then co-dialyzed, combine reversibly in a 1: 1 molar ratio to form a Complex I-III unit (NADH-cytochrome c oxidoreductase) that contains equimolar FMN and cytochrome c 1 (clearly at difference with the supercomplexes found by BN-PAGE, where Complex III is present as a dimer) and 2-3 moles of ubiquinone-10 per mol of protein unit. In this unit, CoQ mobility is highly restricted suggesting that CoQ 10 is effectively trapped between the component complexes in an environment that may be partly protein and partly derived from the lipid annuli of those complexes . However, CoQ-pool behavior could be restored, and Complex I and Complex III could be made to operate independently of each other by raising the concentrations of phospholipid and ubiquinone ( ∼ 2-fold and 6-fold increase, respectively) in the concentrated mixture . Heron et al., [1978] have proposed that, when phospholipid in excess of that needed to form an annulus is absent, relative mobility is lost, and complexes are frozen in their Complex I-III assembly, favoring a stable orientation of the site of reduction of ubiquinone with respect to the site of oxidation.
The analogous system described in the section `Molecular Structure of Supercomplexes' and obtained by fusing a crude mitochondrial fraction enriched in Complex I and Complex III with different amounts of phospholipids and CoQ 10 , was used to discriminate whether the reconstituted protein fraction behaves as individual enzymes (CoQ-pool behavior) or as assembled supercomplexes depending on the experimental distances between the intramembranous particles [Lenaz et al., 1999] . The comparison of the experimentally determined NADHcytochrome c reductase activity with the values expected by theoretical calculation applying the pool equation showed overlapping results at phospholipid dilutions from 1: 10 on, whereas at lower dilution (<1: 5), pool behavior was not effective any more [Lenaz et al., 1999; Bianchi et al., 2003 ].
In addition, some studies in intact cells showed that an absence of supercomplexes, though diminishing electron transfer, allowed respiratory activity still to occur. Rosca et al. [2008] conducted a study on canine cardiac mitochondria in heart failure, induced experimentally by micro-embolization. These mitochondria showed a severe decrease of the major CI/CIII 2 /CIV supercomplex. Although the activity of individual Complexes I, III, and IV was normal, respiration with NAD-linked substrates in state 3 or after treatment with an uncoupler was strongly affected but still present. Neutrophil mitochondria may lack supercomplex organization; although they did not study mitochondrial integrated respiratory activities, van Raam et al. [2008] found that membrane potential induced by glutamate-malate was present, whereas lower than that induced by glycerol phosphate.
Thus, we can conclude from present knowledge that electron transfer between Complex I and Complex III can occur in the absence of supercomplex organization and it takes place by diffusional encounters of CoQ with the partner enzymes. This observation supports the plasticity model. In addition, it suggests that pathological conditions, in which the supercomplex organization is lost, are still compatible with electron transfer from NADH, but this is made less efficient by resumption of the pool behavior [Lenaz and Genova, 2012] .
The mechanism of electron transfer in supercomplexes is still uncertain. Ideally, we should have a detailed knowledge of the molecular structure of the interacting sites, but this knowledge is still lacking. Obviously we may have the extremes from close docking of the active sites with real inter-protein tunneling up to relatively long distances that may be covered either by important conformation changes or by restricted diffusion (microdiffusion) of the mobile components within the space between the 2 active sites; all of these alternatives have an obligate channeling between 2 fixed sites in common so that even the last situation, microdiffusion, would be quite distinguishable from pool behavior where the interaction of the mobile component may stochastically occur with a great number of possible sites located on several different protein targets which can be reached by random diffusion [Genova and Lenaz, 2011] . In the interaction between Complex I and Complex III within a supercomplex, if the sites are connected by CoQ microdiffusion, it is possible that it takes place within a lipid milieu, although we cannot exclude that the sites are put together by movement of CoQ on the protein or by movement of the protein itself. The previously described kinetic analysis cannot distinguish among different possible mechanisms of channeling.
In the 3D structure of the mitochondrial supercomplex I 1 III 2 IV 1 , which has recently been reported by Althoff et al. [2011] , a unique arrangement of the 3 component complexes indicated the pathways along which ubiqui-none and cytochrome c can travel to shuttle electrons between their respective protein partners. In the above mentioned model, one of the Complex III monomers faces the lipid bilayer, while the other is surrounded by Complex I. Ubiquinol-binding sites are located between the 49-kDa and the Complex I subunits near the first FeS cluster above the membrane in Complex I and the cytochrome b subunit in Complex III. Given that the shortest connection (11.6 nm) between those binding sites would run partly through the aqueous medium, a 13-nm trajectory through a gap within the supercomplex, which is filled with membrane lipid, is more likely ( fig. 1 ). Althoff and colleagues also reported the presence of significant amounts of bound phospholipids in the purified supercomplex from mammalian mitochondria and demonstrated that cardiolipin is enriched in the supercomplex compared with total lipid of bovine heart. Moreover, HPLC analysis of the lipid extracts indicated that each supercomplex contains at least one molecule of ubiquinol [Althoff et al., 2011] .
There are recent indications that supercomplex association may provide further kinetic advantages besides substrate channeling. The study of Schäfer et al. [2007] showed that a supercomplex comprising cytochrome oxidase (I 1 III 2 IV 1 ) had higher Complex I and Complex III activities than the supercomplex devoid of the terminal oxidase (I 1 III 2 ); evidently, the presence of Complex IV modifies the conformation of the partner complexes in such a way to enhance their catalytic activity. Likewise, Hildebrandt [2011] showed that supercomplex dissociation abolishes the protective effect of dehydroascorbic acid on sulphide toxicity to cytochrome oxidase, suggesting a conformational effect of supramolecular association on the allosteric properties of cytochrome oxidase.
Supercomplexes and ROS Generation
Indirect circumstantial evidence suggests that supercomplex assembly may limit the extent of superoxide generation by the respiratory chain. Panov et al. [2007] proposed that the respirasome helps to maintain the redox components of the complexes in the oxidized state through the facilitation of electron flow by channeling, thus limiting ROS formation. Similarly, Seelert et al. [2009] also suggested that facilitation of electron transfer by channeling may limit the detrimental generation of ROS.
Two potential sites for oxygen reduction exist in Complex I, represented by FMN and iron-sulphur cluster N2; controversial results from different laboratories working either on isolated Complex I or on mitochondrial membranes generally indicated that N2 as a source of ROS would be predominant in membrane particles, whereas FMN might become available after Complex I isolation [Lenaz and Genova, 2010] . A reasonable hypothesis is that FMN becomes exposed to oxygen only when Complex I is dissociated from Complex III. Although the molecular structure of the individual complexes does not allow to envisage a close apposition of the matrix arm of Complex I, where FMN is localized with either Complex III or IV, the actual shape of the I 1 III 2 IV 1 supercomplex from bovine heart suggests a slightly different conformation of Complex I in the supercomplex [Schäfer et al., 2007] , showing a smaller angle of the matrix arm with the membrane arm and a higher bending towards the membrane (and presumably Complex III) in line with the notion that Complex I may undergo important conformational changes [Radermacher et al., 2006] . Moreover, the observed destabilization of Complex I in the absence of a supercomplex may render the 51-kDa subunit containing the FMN more 'loose', allowing it to interact with oxygen.
This issue was directly addressed by testing the ROS generation by Complex I in 2 experimental systems in which the supramolecular organization of the respiratory assemblies was impaired by (a) treatment either of mitochondria of bovine heart or liposome-reconstituted supercomplex I-III with dodecyl-maltoside, and (b) reconstitution of Complexes I and III at a high phospholipids to protein ratio. The results of our investigation provided experimental evidence that the production of ROS is strongly increased in either model, supporting the view that disruption or prevention of the association between Complex I and Complex III by different means enhances the generation of superoxide from Complex I [Maranzana et al., 2013] .
The large evidence that supercomplexes physiologically exist in dynamic equilibrium with isolated complexes raises the puzzling question that also ROS generation may be subjected to physiological changes; the suggestion that at high mitochondrial membrane potential supercomplexes are dissociated [Quarato et al., 2011] is compatible with the increase of ROS generation under the same conditions [Skulachev, 1996] . It is tempting to suggest that these changes may be aimed to regulate ROS levels in the cell in view of the well-documented role of ROS in cellular redox signaling [Murphy, 2012] .
The elevated production of ROS in mouse lung fibroblasts lacking the Rieske iron-sulfur protein of Complex III and hence being devoid of the supercomplexes is in agreement with this view [Diaz et al., 2012b] [Zhang et al., 1998 ] and for ETF linked to medium-chain acylCoA dehydrogenase [Rodrigues and Gomes, 2012] .
The relevance of the above observations to physiopathological events is supported by several studies in cellular models and in animals. Thus, in mouse fibroblasts expressing the activated form of the K-ras oncogene, a strong decrease of high molecular weight supercomplexes correlates with higher ROS generation . In heart failure, an increased production of ROS, either from mitochondria or from NADPH oxidase, drives signaling pathways that mediate the cardiac remodeling [Ide et al., 2000; Anilkumar et al., 2009; Chen and Keaney, 2012] . In an experimental model of heart failure, the decrease of oxidative phosphorylation has been associated with a decrease of respiratory supercomplexes [Rosca et al., 2008 [Rosca et al., , 2011 Rosca and Hoppel, 2009] . Lymphoblasts from patients affected by Barth syndrome due to genetic loss of Tafazzin, an enzyme involved in cardiolipin remodeling, have altered mitochondrial supercomplexes [McKenzie et al., 2006] ; likewise, in an yeast experimental model of mutated Tafazzin, an increased oxidative stress in response to ethanol was observed [Chen et al., 2008] .
Aging is accompanied by a decline of supercomplex association [Gómez et al., 2009; Frenzel et al., 2010] and is generally associated with increased ROS and oxidative damage [for a recent review, see Cui et al., 2012] . Ageassociated destabilization of respiratory supercomplexes may therefore be important for the development of the mitochondrial aging phenotype by means of impaired bioenergetics and enhanced ROS production [Gómez and Hagen, 2012] .
Stability and Assembly
Analysis of the state of supercomplexes in human patients with an isolated deficiency of Complex III [Acín-Peréz et al., 2004; Schägger et al., 2004] and in cultured cell models harboring Complex III [Acín-Peréz et al., 2009b] , Complex IV [Diaz et al., 2006] , or cytochrome c [Vempati et al., 2008] depletion led to the proposal that the formation of respirasomes may be essential for the assembly/stability of Complex I. Genetic alterations causing a loss of Complex III induced a secondary loss of Complex I, therefore primary Complex III assembly deficiencies presented as Complex III/I defects [Lamantea et al., 2002; Bruno et al., 2003; Acín-Peréz et al., 2009b] . Conversely, Complex III stability was not influenced by the absence of Complex I [Acín-Peréz et al., 2009b] .
Under this assumption, D'Aurelio et al. [2006] studied the complementation of mtDNA in human cells by fusing 2 cell lines, one containing a homoplasmic mutation in a subunit of the respiratory chain Complex IV, COX-I, and the other with a distinct homoplasmic mutation in a subunit of Complex III, cytochrome b . Upon cell fusion, respiration was recovered in correlation with the presence of supercomplexes containing Complexes I, III, and IV. From these findings, supercomplex assembly was proposed as a necessary step for respiration. Together with that, deletion of the Ndufs4 gene, encoding an accessory subunit of Complex I, in mouse tissues results in decreased stability and activity of Complex I; however, the portion of Complex I that is still active is bound in the supercomplexes, indicating that the supramolecular association improves the stability of Complex I [Calvaruso et al., 2011] .
Animal models of the effects of Complex III and Complex IV mutations on Complex I should prove useful for a better understanding of the role of supercomplexes. Two studies in Caenorhabditis elegans have recently been published on this aspect. In the first, a knockdown of the predicted homologues of COX-IV and COX-Va in the nematode showed that intrinsic Complex I enzymatic activity is dependent on the presence of Complex IV, despite no overall decrease in the amount of Complex I [Suthammarak et al., 2009] . In a further study in C. elegans , the same group showed that Complex III defects inhibit Complex I by several different mechanisms involving supercomplex destabilization [Suthammarak et al., 2010] . Mutant analysis revealed that Complex III affects supercomplex I-III-IV formation by acting as an assembly/stabilizing factor. Also, an mtDNA mutation affecting Complex III, ctb-1 , inhibits Complex I function by weakening the interaction of Complex IV in supercomplex I-III-IV. Other Complex III mutations inhibit Complex I function either by decreasing the amount of Complex I (isp-1) or its assembly as the most active supramolecular form, the I-III-IV supercomplex (isp-1;ctb-1) . It is suggested that allosteric interactions involve all 3 complexes within the supercomplex and are necessary for maximal enzymatic activities.
A recent study on fibroblasts lacking the Rieske iron sulphur protein questioned that the physical association of Complex I into supercomplexes per se would explain all the above results. Thus, it pointed out a different mechanism for Complex I destabilization in the absence of the Complexes III or IV, i.e. in an enhanced ROS gen-eration. Complex I would be particularly sensitive to ROS damage. Therefore, further research is needed to clarify this point.
CoQ Saturation Kinetics: Is There a Contradiction?
As previously described, Complex I is almost totally associated in a supercomplex with Complex III, with electron channeling of bound CoQ in the boundary between the 2 complexes. The CoQ pool is, however, directly required for electron transfer from Complex II to Complex III.
On the other hand, the finding that Complex I is almost totally associated in a supercomplex with Complex III seems to exclude a role for the CoQ pool in physiological electron transfer between these 2 complexes. Surprisingly, strong evidence exists that NADH-cytochrome c reductase activity follows saturation kinetics with respect to CoQ.
The relation between electron transfer rate and CoQ concentration was seen for NADH and succinate oxidation in reconstituted systems [Estornell et al., 1992] and in phospholipid-enriched mitochondria [Schneider et al., 1982] . Direct titrations of CoQ-depleted mitochondria reconstituted with different CoQ supplements yielded a K m of NADH oxidation for Q t in the range of 2-5 nmol/ mg mitochondrial protein [Estornell et al., 1992] , corresponding to a Q t concentration of 4-10 m M in the lipid bilayer. The K m for CoQ 10 of NADH-cytochrome c reductase was found to be much higher than that of succinate-cytochrome c reductase. A direct study on a reconstituted mitochondrial fraction containing Complexes I and III showed that the experimental rate of NADH-cytochrome c reductase was hyperbolically related to the content of CoQ 10 , with an apparent K m in the same range as in mitochondria [Lenaz et al., 1999] .
Analysis of the literature shows that the physiological CoQ content of several types of mitochondria is in the range of the K m for NADH oxidation and, therefore, not saturating for this activity [Battino et al., 1990] . However, this does not exclude that free CoQ in the pool is also necessary for proper channeling between the complexes. In fact, the bound inter-complex quinone that allows electron flow directly from Complex I to Complex III must be in a dissociation equilibrium with the CoQ pool, so that its amount, at steady state, would be dictated by the size of the pool: this equilibrium explains the saturation kinetics for total ubiquinone exhibited by the integrated activity of Complex I and Complex III and the decrease of respiratory activities in mitochondria fused with phospholipids with subsequent dilution of the CoQ pool. To be in agreement with the experimental observation obtained by metabolic flux analysis, this proposition requires that the dissociation rate constants (k off ) of bound CoQ be considerably slower than the rates of inter-complex electron transfer via the same bound quinone molecules [Lenaz and Genova, 2010; Genova and Lenaz, 2011] . The high apparent K m for CoQ 10 in NADH oxidation is in line with this postulation. The observation by Schneider et al. [1982] that dilution of the inner membrane proteins with phospholipids lowers electron transfer and the effect is reversed by CoQ addition is in line with this concept. Earlier studies by Heron et al. [1978] also reported that endogenous ubiquinone-10 leaks out of the Complex I-III unit when extra phospholipid is present, causing a decrease in activity that could be alleviated by adding more ubiquinone. It is likely that the function of the large amount of ubiquinone in the natural membrane may be, therefore, to maintain the ubiquinone-10 content in the supercomplex unit when it is formed.
What We Expect from CoQ Deficiency and Supplementation
Coenzyme Q10 supplementation is able to restore mitochondrial respiration in primary CoQ 10 deficiencies and is beneficial in several diseases in which a secondary CoQ deficiency is usually postulated; in this latter case, a bioenergetic deficit is not always apparent, and the health improvements are ascribed also to other properties of the quinone, such as its antioxidant activity.
Is the existence and role of supercomplexes compatible with the interpretation of the beneficial effects of exogenous CoQ 10 administration on bioenergetic grounds? There is evidence, mainly indirect, that exogenous orally administered CoQ 10 may be incorporated into mitochondria, at least in conditions of partial CoQ tissue deficiency, where it may enhance electron transfer and ATP synthesis with improvement of the disease both in human and animal studies, e.g. in genetic CoQ 10 deficiency [Rötig et al., 2000; Di Giovanni et al., 2001; Quinzii and Hirano, 2010] , cardiac failure [Rosenfeldt et al., 2005; Molyneux et al., 2009 ], Parkinson's disease [Matthews et al., 1998 ], Alzheimer's disease [Yang et al., 2010 ], Friedreich's ataxia [Hart et al., 2005] , and aging [Xu et al., 2010] . The major problem of CoQ 10 administration is its low bioavailability due to its extreme hydrophobicity [Beg et al., 2010] . A water-soluble formulation (Qter) has recently been shown to be easily incorporated into cultured cells and their mitochondria, enhancing respiration and antioxidant properties [Bergamini et al., 2012] . The same formulation was found to improve grip strength and to inhibit apoptosis in aged rats [Xu et al., 2010] .
The existence of I-III supercomplexes where only inter-complex bound CoQ is active by channeling electrons from Complex I to Complex III is apparently incompatible with a dose-dependent effect of added CoQ 10 ; however, the notion that inter-complex bound CoQ is in a chemical equilibrium with CoQ in the pool is sufficient to explain the improved cell bioenergetics upon addition of exogenous CoQ. It is expected that even a slight decrease of CoQ content in the membrane is sufficient to dissociate part of the quinone from the supercomplex thus decreasing the rate of electron channeling.
Kinetic studies in CoQ-depleted mitochondria [Estornell et al., 1992] showed that CoQ 10 concentration in the inner membrane is in the range of its apparent K m in the NADH oxidation. This means that CoQ is physiologically not saturating and that increasing CoQ concentration in the membrane is bound to enhance respiratory activity: this is indeed what was found in the study with the watersoluble formulation quoted above [Bergamini et al., 2012] . Addition of Qter to cultured cells increased CoQ concentration in their mitochondria and significantly enhanced respiratory rates.
The fact of CoQ 10 not being saturating in NADH oxidation should also drive a further consequence of improving respiration even when the defect is due to reasons different from CoQ deficiency, e.g. a defect of Complex I. This is theoretically shown in figure 3 . A direct study by Estornell et al. [1997] demonstrated that a Complex I failure in vitamin A-deficient rats could be counteracted by an increase of CoQ 10 . This is the most likely explanation why CoQ was found to ameliorate several disease states even if a CoQ deficiency was not demonstrated.
What are the mechanisms of the beneficial effects of administered CoQ? The bioenergetic improvement due to enhanced electron transfer is certainly the major mechanism in primary CoQ deficiencies; however, it may be considered in all cases where a secondary deficiency takes place, as in heart failure and aging. An antioxidant effect may be at the basis of amelioration of symptoms in several pathological states. However, the direct antiapoptotic action exerted by its effect on the permeability transition pore should be considered in the case of degenerative diseases. [Estornell et al., 1992] which is about the physiological concentration in most types of mitochondria. Being in the firstorder arm of the curve, an increase in CoQ concentration is bound to enhance NADH oxidation both in normal mitochondria (red) and in mitochondria with decreased respiration (blue).
